Some uranium (U(VI) and U(V)) triatomic molecules and cations with the general formula XUY (X,Y C,N,O) and a charge varying from 0 to +2 have been studied using multicon®gurational second-order perturbation theory (CASSCF/CASPT2) and Density Functional Theory (DFT). Geometry optimizations and infrared harmonic frequency calculations have been carried out and a comparison with available experimental data has been performed. This study shows that CASSCF/CASPT2 is capable of handling actinide systems, where multicon®guratioanl and relativistic eects are essential. Ó
Introduction
There is a current interest in the chemistry of uranium with atmospheric components like carbon, nitrogen and oxygen in relation with the development of gas-phase separations involving atomic uranium. Matrix isolation infrared spectroscopy experiments have been performed in the past in order to determine vibrational frequencies for the linear OUO and NUN molecules [1±4] , that can be used as models for the important uranyl cation UO 2 2 [5, 6] . This species has been seen in the gas phase using mass spectroscopy [7] , but no properties, apart from its existence, have been determined. Some recent work has been carried out by Zhou et al. on these systems. In 1999, Zhou and Andrews [8] presented infrared fundamentals measurements for NUO , NUO and NThO in solid neon and performed some Density Functional Theory (DFT) calculations. The infrared fundamentals for NUO and NThO molecules blue shift 1.6±2.9% on going from argon to neon matrix and are calculated from 0.0% to 5.8% too high using DFT. They have also characterized the isolated NUO cation formed in previous gas-phase ion±molecule experiments by identifying two new absorption bands in a neon matrix at 1118.6 and 969.8 cm À1 . Zhou et al. [9] have also studied the reaction of laser-ablated uranium atoms with CO molecules during condensation at 4 K and have measured the infrared spectra of CUO, CUO À , and OUCCO in solid neon. In a very recent paper [10] [11] . These and similar molecules are ideal systems to test the performance of computational methods which are used routinely to treat light atom chemistry, on heavy element systems, for which correlation and relativistic eects become of crucial importance.
In this Letter we present the results of a combined multicon®gurational second-order perturbation theory (CASSCF/CASPT2) and DFT study on some molecules and cations of the type XUY with X,Y C,N,O and U in the oxidation states V and VI. We optimized the structure and determined vibrational frequencies of CUO, NUN, NUO , NUO, OUO 2 , and OUO . The successful performance of the CASSCF/CASPT2 approach in computing correlation eects for structure characterization, reactivity and spectroscopy has been illustrated in a number of earlier applications, involving organic chemistry and transition metal chemistry. Some use of CASSCF/CASPT2 on uranyl and plutonyl has been made by the Toulouse and Stockholm groups [12±14], but so far this approach has not been extensively tested to study actinide chemistry and this Letter is an attempt to investigate how the method performs with very heavy elements.
We compare the CASSCF/CASPT2 results with DFT results. DFT is known for having a low computational cost. However, the reliability of DFT in heavy element chemistry is not well established. From our previous studies [15±17] it seems that DFT works for closed shell systems, while it shows serious problems in many open shell systems like plutonyl and U(IV) compounds. It is thus important to compare the DFT with CASS-CF/CASPT2, and both methods with experiments, when available.
Theoretical methods and computational details
Complete Active Space (CAS) SCF [18] calculations were performed with dynamic electron correlation added using multicon®gurational second-order perturbation theory, CASPT2 [19, 20] , using a prerelease of the MOLCAS OLC AS -5 -5 program [21] . The active space was chosen with the assumption that the most important orbitals would be the O,C,N 2p orbitals. This gives six active orbitals. Each of these orbitals will be strongly correlated by orbitals of the same symmetry centered on uranium. They are linear combinations of 5f, 6d, and 7s orbitals. This gives a ®nal active space of 12 electrons in 12 active orbitals (12/12) for the U(VI) compounds, which, in C 2v symmetry, are partitioned (4,4,4,0) in the four representations (a 1 ,b 1 ,b 2 ,a 2 ). The calculations were run in C 2v symmetry for all species in order to get the asymetric stretches. The U(V) compound active space is obtained by adding one electron in a 5f/ orbital. This gives a ®nal active space of 13 active electrons in 12 active orbitals (13/12), partitioned (3,5,4,0) (one weakly occupied orbital in symmetry a1 was deleted and one 5f orbital was added in symmetry b1). The CASPT2 calculations were performed with the U(5s5p5d) and O(1s) orbitals frozen. Geometry optimizations with two degrees of freedom were performed at the CASPT2 level of theory, using a two-dimensional grid (seven points distributed on a sphere with a radius of 0.05 au). The force constants were obtained by ®tting the points to a second-order polynomial. These points were obtained in a second set of calculations where the center of the sphere was at the computed equilibrium geometry.
DFT calculations were performed using the program GAUSSIAN AU SSIA N 98 [22] at the B3LYP level of theory [23] , using the ultra®ne (99, 590) grid having 99 radial shells and 590 angular points per shell. At the same time the weighting scheme of Becke has been used for numerical integrations and very tight thresholds have been enforced both for the self-consistent and optimization conver-gence criteria. The gradient tolerance in the ananytical gradient calculation was the default one in GAUSSIAN AU SSI AN, which is set to be 10 À6 on the largest component of the Cartesian gradient.
In both the GAUSSIAN AUSS IA N 98 and MOLCAS O L CA S -5 -5
calculations, the relativistic eects due to the high atomic number of the uranium atom are taken into account implicitly through the use of Eective Core Potentials (ECPs) derived from high accuracy relativistic calculations on atoms. The energy-adjusted uranium ECPs of K uchle et al.
were used for this purpose [24] . The accompanying basis sets of the uranium ECPs were used to describe the valence electron density [24] . This basis includes 32 valence electrons on uranium (5s, 5p, 5d, 6s, 6p, 5f, 7s). On the carbon, nitrogen and oxygen atoms the 6-311G ÃÃ [25] all-electron basis set was used in the GAUSSIAN A USSIAN 98 calculations, while the Atomic Natural Orbital type (ANO) basis were used in the MOLCAS O L CA S -5 -5 calculations. We investigated the CASPT2 basis set dependence by performing the calculations with both the ANO-S, 4s3p2d [26] , CASPT2-s, and the ANO-L, 4s3p2d1f [27] basis, CASPT2-l. In [10] the eect of the lack of g-type functions in the uranium basis sets was investigated. A g exponent was added to the uranium basis and was found to lead to a reduction of the uranyl U±O bond length of 0.004 # A; and an increase in the antisymmetric stretching frequency of less than 2 cm À1 at the B3LYP level of theory. We repeated the NUN B3LYP calculation by adding two g-type functions (exponents 1.18 and 0.42) to the uranium valence basis set, and this lead to a bond length variation of less than 2% and a frequency variation of less than 1%. We thus consider that the B3LYP results converged with the basis set even without the g-type functions. We repeated also the CUO and NUN CASPT2 calculations by adding the same two g-type exponents, CASPT2-lg. This had a larger eect than in the B3LYP case and the results are discussed in the following.
Spin±orbit eects have not been treated explicitly in this work. However, considering the primarily atomic nature of these eects, it is reasonable to believe that they will have little in¯uence either on bond lengths and vibrational frequencies, while they would aect more substantially energetics, which are not considered in the present study. Table 1 reports the molecules and cations that have been studied with the formal oxidation state of uranium and the electronic state of the system. All the systems corresponding to the formal uranium oxidation state (VI), are 1 R , while the systems corresponding to U(V) are 2 U. In Table 2 the geometries of all species are reported. They are linear molecules. No experimental data are available on geometries. The CASPT2 results vary in going from CASPT2-s to CASPT2-l by ca 0.02 # A, while the addition of the g-type functions, CASPT2-lg, implies a bond distance change of at most 0.006 # A (r(CU) in CUO). Overall CASPT2 gives slightly longer bond distances than B3LYP, indicating some over binding by the latter approach.
Results and discussion
In Tables 3±5 the harmonic frequencies with relative intensities for all species are reported. Several isotopes have been considered in a neon matrix.
CASPT2-l predicts the bands at 1069 and 859 cm À1 with an intensity of 241 and 274 km mol À1 , respectively, while CASPT2-lg predicts the bands at 1077 and 870 with slightly lower intensities. B3LYP predicts the bands at 1148 and 896 cm À1 with an intensity of 120 and 179 km mol À1 respectively. A comparison of the theoretical results directly to the experimental values, without any scaling of the calculated values, shows a better agreement of the CASPT2-l and CASPT2-lg results with experiment than B3LYP for the largest 
frequency, while for the lowest frequency CAS-PT2-l and B3LYP are accurate. In the comparison with experiment, one should however bear in mind that only harmonic frequencies have been calculated and that no matrix eect is taken into consideration in the calculations. The CASPT2-l intensities are overall larger than the B3LYP intensities. Vibrational frequencies and intensities have also been determined for the isotopic species C 12 UO 18 and C 13 UO 18 . CASPT2-l frequencies are in better agreement with experiment than B3LYP frequencies, especially the largest frequency, and CASPT2 intensities are larger than B3LYP. The Hartree±Fock results by Pyykko et al. [11] obviously do not have this accuracy.
Similar trends, as in the CUO case, can be observed for the other species (see Tables 3±5). Considering all the results, it appears that both CASPT2-l and B3LYP perform well in reproducing the experimental values of the frequencies. The largest B3LYP relative error is ca 10% (for the higher C 12 UO 16 frequency) and the largest CAS-PT2-l relative error is ca 4% (for the lower N 14 UN 14 frequency). This error is entirely recovered in the CASPT2-lg calculation. B3LYP is less accurate in determining the higher frequency for [28] .) A CASPT2 study on UO2 2 complexes is currently going on [29] , and preliminary results show that CASPT2 with an ANO-S basis (thus comparable to our CASPT2-s results) predicts a U±O bond distance which is ca 1±2% longer than experiment. The CASPT2-lg bond distances should thus be in good agreement with experiment.
Conclusions
The results of a combined CASPT2 and B3LYP study on some uranium triatomic molecules and cations have been presented. Bond distances and harmonic vibrational frequencies have been determined for several isotopic species. CASPT2 predicts results which are in agreement with experiment. It is thus clear that CASPT2 is a method capable of handling actinide systems, where multicon®gurational and relativistic eects are essential. It remains now to include the treatment of spin±orbit coupling which will be essential to describe energetics.
